We report a 2 × 2 broadband and fabrication tolerant mode-evolution-based 3 dB coupler based on silicon-oninsulator rib waveguides. The operating principle of the coupler is based on the adiabatic evolution of local eigenmodes. The key element of the device is an adiabatically tapered mode evolution region, which converts two dissimilar waveguides into two identical waveguides. Contrary to conventional designs using a linear taper function where the device adiabaticity is uneven during evolution, we use the fast quasiadiabatic approach to homogenize the adiabaticity of the device, leading to a shortcut to adiabaticity. Optical couplers are essential devices in photonics integrated circuits. 3 dB couplers split the light evenly and are widely used in multiplexing circuits [1], optical switches [2, 3] , and modulators [4] . The silicon-on-insulator (SOI) is a promising platform for realizing high-density photonic integrated circuits due to its compatibility with commercial complementary metal-oxide-semiconductor (CMOS) processes. In SOI, the most commonly used configurations for 3 dB couplers are based on directional couplers (DCs) [5, 6] and multimode interference (MMI) couplers [6] [7] [8] . The operating principles of DCs and MMIs rely on the interference of multiple modes; therefore, the devices can be made very compact. On the other hand, the device performance relies on precise control of the device dimensions. Several approaches have been proposed to improve the performance of power couplers for increased operating bandwidth and/or better fabrication tolerance. Curved directional couplers [3,9,10] can improve wavelength sensitivity of the devices, but the sensitivity to fabrication variations still remains. Mach-Zehnder interferometer (MZI)-type broadband couplers [2,11] use phase delay difference in the interferometer arms to compensate for wavelength variations, but are sensitive to fabrication variations. Broadband operation of dispersion engineered DCs using subwavelength gratings (SWGs) is also reported [12, 13] , but precise fabrication of the grating structure might be challenging. In contrast, the operation of adiabatic couplers [7, 14, 15] is based on mode evolution, and therefore, the device performance is essentially wavelength insensitive and fabrication tolerant. However, adiabatic couplers are generally longer than the other designs.
We report a 2 × 2 broadband and fabrication tolerant mode-evolution-based 3 dB coupler based on silicon-oninsulator rib waveguides. The operating principle of the coupler is based on the adiabatic evolution of local eigenmodes. The key element of the device is an adiabatically tapered mode evolution region, which converts two dissimilar waveguides into two identical waveguides. Contrary to conventional designs using a linear taper function where the device adiabaticity is uneven during evolution, we use the fast quasiadiabatic approach to homogenize the adiabaticity of the device, leading to a shortcut to adiabaticity. Devices with an optimized taper region of 26. Optical couplers are essential devices in photonics integrated circuits. 3 dB couplers split the light evenly and are widely used in multiplexing circuits [1] , optical switches [2, 3] , and modulators [4] . The silicon-on-insulator (SOI) is a promising platform for realizing high-density photonic integrated circuits due to its compatibility with commercial complementary metal-oxide-semiconductor (CMOS) processes. In SOI, the most commonly used configurations for 3 dB couplers are based on directional couplers (DCs) [5, 6] and multimode interference (MMI) couplers [6] [7] [8] . The operating principles of DCs and MMIs rely on the interference of multiple modes; therefore, the devices can be made very compact. On the other hand, the device performance relies on precise control of the device dimensions. Several approaches have been proposed to improve the performance of power couplers for increased operating bandwidth and/or better fabrication tolerance. Curved directional couplers [3, 9, 10] can improve wavelength sensitivity of the devices, but the sensitivity to fabrication variations still remains. Mach-Zehnder interferometer (MZI)-type broadband couplers [2, 11] use phase delay difference in the interferometer arms to compensate for wavelength variations, but are sensitive to fabrication variations. Broadband operation of dispersion engineered DCs using subwavelength gratings (SWGs) is also reported [12, 13] , but precise fabrication of the grating structure might be challenging. In contrast, the operation of adiabatic couplers [7, 14, 15] is based on mode evolution, and therefore, the device performance is essentially wavelength insensitive and fabrication tolerant. However, adiabatic couplers are generally longer than the other designs.
There have been numerous approaches to optimize the design of adiabatic mode-evolution-based devices in integrated optics. For adiabatic tapers, one approach is based on the equalization of taper loss along each propagation step [16] [17] [18] . A similar approach is to limit the fraction of power scattered into the unwanted mode below a constant value [19] . Recently, a new theory called the fast quasiadiabatic (FAQUAD) approach was proposed to tackle a similar problem in quantum control [20] . The FAQAUD approach speeds up slow adiabatic manipulations of quantum systems by homogeneously distributing the adiabaticity parameter along the process, thus providing a shortcut to adiabaticity. In integrated optics, FAQUAD has been successfully applied to the design of mode-sorting asymmetric Y-junctions [21, 22] and polarization splitter-rotators [23] . In this Letter, we report the design and fabrication of SOI 2 × 2 3 dB couplers using the FAQUAD approach.
We consider an adiabatic 3 dB coupler based on SOI rib waveguides consisting of a 2 μm thick buried oxide layer, 220 nm silicon rib with a rib height of 150 nm, and covered with silica cladding, as shown schematically in Fig. 1(a) . The top view of the coupler is shown schematically in Fig. 1(b) . The device is divided into three regions as shown in the figure. In the 30 μm long region 1, two waveguides with W 1 600 nm and W 2 400 nm are brought together using an S-bend to reduce the gap from 1.6 μm to 200 nm. The key element of this design is the mode evolution region (region 2) of length L; while the constant gap of 200 nm is maintained, a taper function Dz is applied to both waveguides so their widths become W 1 − Dz and W 2 Dz. With the boundary conditions, D i ≡ D0 0, D f ≡ DL 100 nm, the dissimilar waveguides are converted to two identical waveguides at the end of region 2. In the 12 μm long region 3, two S-bends separate the waveguide gap from 200 nm to 1.5 μm.
Using a finite-difference three-dimensional vectorial mode (FDM) solver, we solve for the eigenmodes of the coupler, as shown in the insets in Fig. 1(b) . In region 2, only one of the local eigenmodes is excited initially. As the excited mode adiabatically propagates along the coupler, very little or no power is scattered into the other eigenmode. At the output, the excited mode evolves into the even/odd mode of the two identical waveguides, thus naturally splitting the power evenly in each waveguide. The key in the design is thus to ensure that the evolution in region 2 is done slowly (adiabatically) enough to minimize unwanted coupling into the other eigenmode.
An adiabaticity parameter for vectorial fields in an optical waveguide can be defined as [22] c
where β m,n is the propagation constant associated with the m, nth eigenmode, E mt and H nt are the transverse components of the electric field and magnetic field associated with the mth and nth eigenmodes, respectively, and S is the entire waveguide cross section. The adiabaticity parameter along any point of the mode evolution region can be obtained with mode data calculated using the FDM solver in (1). In conventional adiabatic 3 dB couplers, the waveguides in region 2 are tapered according to a linear taper function Dz D f ∕Lz (nm) as shown by the dashed line in Fig. 2(a) . Using (1), we obtain the adiabaticity parameter of the conventional linear taper structure as shown by the dashed line in Fig. 2(b) . The adiabaticity parameter is unevenly distributed over the length of the device. It is small at the beginning of the taper and steadily increases towards the end of the taper. In order to satisfy the adiabatic condition (c ≪ 1), the length L would need to be increased to keep the overall adiabaticity parameter below an acceptable level. That is why conventional linear adiabatic 3 dB couplers have long device lengths in general. However, uniformly increasing D with z as in the linear taper function is not an efficient strategy to satisfy the adiabatic criterion. Intuitively, one would think that the taper function Dz should instead vary faster when the adiabaticity is small, and vice versa. This is the main idea behind the FAQUAD approach. The FAQUAD protocol homogenizes the adiabaticity during the evolution with a single control parameter Dz by imposing
where the dot denotes now derivative with respect to z, ε is a small constant, and the chain rule (2), we obtain
where F D is a measure of adiabaticity that is strictly related to D. Equation (3) can now be integrated to obtain the functional form of zD with the boundary conditions zD i 0, zD f L, so that
To obtain F D, we first calculate the adiabaticity parameter c lin of the linear taper. Using (2), we can write
Finally, we substitute (2) into (4) and obtain the optimized taper shape
Equation (6) Using the adiabaticity parameter of the linear taper c lin in Fig. 2(b) in (6), we obtain the optimized taper function as shown by the solid line in Fig. 2(a) . We then calculate the adiabaticity parameter of the optimized mode evolution region as shown in Fig. 2(b) . The adiabaticity parameter of the mode evolution region is indeed homogeneously distributed in the optimized device (barring noise from the FDM solver). Note that it is enough to find the FAQUAD design for one particular device length L, since the design for any other length is simply obtained by scaling.
We use a commercial software (FIMMPROP, Photon Design) employing a full vectorial eigenmode expansion method (EME) to simulate light propagation in the 3 dB couplers using the optimized FAQUAD design. The devices are first simulated at 1.55 μm input wavelength and quasi-TE polarization. To determine the required mode evolution region length L for 3 dB coupling, we simulate the transmission at output ports 1 and 2 as a function of L as shown in Fig. 3(a) . The device functions as a 3 dB coupler at L's corresponding to the crossings of the two curves in the figure. At the noncrossing points, power exists in both eigenmodes, meaning non-ideal adiabatic evolution has resulted. The optimized FAQUAD design provides a shortcut to adiabaticity at a shorter device length, achieving 3 dB power splitting at a coupling length as short as 8.7 μm. The simulation results for the linear design are shown in Fig. 3(b) for comparison. We can see that the first crossing occurs at a length of 48.9 μm, which is over five times longer than the FAQUAD design. The oscillation in Fig. 3 is a clear signature of the shortcut to adiabaticity using the FAQUAD approach [20] . In FAQUAD, the adiabaticity parameter is homogenously distributed, and the consequence is that one can find specific points where the power in the unwanted mode is zero, leading to shortcuts to adiabaticity. In comparison, we can see that as the length of the device is increased, the oscillation of the FAQUAD design is larger than the linear design, negating the benefit of FAQUAD. For the L 8.7 μm (first crossing) 3 dB FAQUAD coupler, we show the simulated light propagation in the device by exciting each input port in Fig. 4 . Clearly, the input light is evenly split into the two outports in both cases.
We then look at the device robustness against wavelength variations. Figure 5 shows the simulated transmission of the FAQUAD 3 dB couplers with lengths L of the mode evolution region corresponding to the first four crossings in Fig. 3(a) . These couplers exhibit a splitting ratio of 3 dB 0.5 dB for bandwidths of 60 nm, 100 nm, 180 nm, and 225 nm for L 8.7 μm, 26.3 μm, 37.2 μm, and 54.6 μm, respectively. In comparison, the linear design at L 48.9 μm (first crossing) exhibits a bandwidth of 80 nm, which is worse than the FAQUAD design at L 26.3 μm.
Next, the fabrication tolerance is investigated at the operating wavelength of 1550 nm. By fixing the center of the waveguides of the ideal design and adding uniform deviations ΔW to the device widths, we can simulate the variation of the splitting ratio due to fabrication errors. The simulation results for the four devices with different mode evolution region lengths are shown in Fig. 6 . For the L 8.7 μm device, the splitting ratio is within 3 dB 0.2 dB for ΔW from −25 nm to 20 nm. In comparison, the L needs to be longer than 76 μm in the linear design for similar performance. As the L length is further increased for the FAQUAD couplers, the imbalances between the output arms are further flattened as shown in the figure, indicating excellent fabrication tolerance with the proposed design. Different from the other design approaches that target improving the device bandwidth by specific geometrical variations [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] 24] , the designed FAQUAD 3 dB couplers exhibit robustness against wavelength and fabrication variations at the same time due to the mode evolution nature of their operation. The FAQUAD approach successfully reduces the length of the mode evolution region, providing shortcuts to adiabaticity in these designed couplers.
The FAQUAD based 3 dB coupler with a taper region of 26.3 μm was fabricated using a CMOS-compatible process with 193 nm deep ultraviolet lithography and was replicated on a 200-mm multi-project wafer that resulted in many dies. A pair of concentrated grating couplers was used for optical input/ output coupling with an efficiency of 0.35. As-fabricated 3 dB couplers in five representative dies across the wafer were tested to characterize the cross-die performance. Devices on those five dies suffered from non-uniform lithography and etching profiles during the fabrication, leading to 20 nm waveguide width variation and 12 nm etching depth variation in as-fabricated devices. Measured transmission spectra at bar and cross ports of the FAQUAD-based 3 dB couplers were normalized using the procedures outlined in Ref. [10] to eliminate the impact of fiber coupling variation to the extracted power splitting ratio. Figure 7 shows the scanning electron microscope (SEM) image of a fabricated device. Typical measured spectra are shown in Fig. 8 . The device exhibits a broadband power splitting ratio of 3 db 0.5 dB within a bandwidth of 100 nm (1500 nm to 1600 nm). All devices across different dies exhibit broadband 3 dB power splitting ratios with imbalances of 0.5 dB. The results show that the FAQUAD-based coupler is tolerant against fabrication variations.
We have used the FAQUAD approach to homogenize the adiabaticity of the mode evolution region in silicon 3 dB couplers. By first evaluating the adiabaticity of a simple linearly tapered coupling region, we obtain an optimized taper function that homogenizes the device adiabaticity. The approach provides a shortcut to adiabaticity at a shorter device length. The resulting 3 dB coupler shows large bandwidth and good fabrication tolerance at a shorter device length as compared to the conventional linear design. These devices can be fabricated using a CMOS compatible process. 
